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EXECUTIVE SUMMARY

With the increase in the number of bonded composite aircraft components and in the number of
bonded repairs made to cracked metallic structures, knowledge of adhesive bonding is becoming
crucial to aircraft design and lifxtension. Design and anpals of adhesivglbonded joints has
traditionaly been performed using a vayiedtf stress-based approaches. The use of fracture
mechanics has become increasmmbpular for the angséis of metallic components but has seen
limited use in bonded structure joints. Durabilind damage tolerance guidelines, alyeiad
existence for metallic aircraft structures, need to be developed for bonded structures, and fracture
mechanics provides one method for doing so.

This report covers an FAA-sponsored research program performed at the Gestigiée of
Technolog which has focused on using fracture mechanics to evaluate thelMaadéure and

fatigue properties of several adhesyvbbnded aerospace materigbtems. This research has
concentrated on the behavior of cracks or debonds in the adhesive bond line rather than damage
in the composite or metallic adherends. Particular attention has been paid to the environmental
durability of bonded gstems in use or intended for use on transport, fighter, and supersonic
aircraft.

This stug encompassedxperimental fracture and fatigue testing as well as finite element
analses. Elements of a philosgptor bonded joint design were also formulated.

Key results from the experimental gram include the identification ofgiificant deyradation in

some varieties of bonded joints subjected to long-tetpogure to high-temperature and high-
humidity conditions. Such degradation was digptain terms of losses in fracture toughness
under monotonic loading and in a reduction of the fatigue threshold. Similar, though less severe,
losses werexperienced H some bondedystems following gposure to thermalycling.

Finite element angées were needed to evaluatgerimental results, which were in close
agreement. The use of finite element programs was also ngcessarayze specimens with
complex geometries and thernyalhduced residual stresses in the bond line. Thesgsasal
provided insights into the relationship between residual stress states and the fracture and fatigue
properties of these/stems.

Experimental and finite element results generated for this project were also compared with an
independent stydof the fatigue behavior in the case of a composite patch on an aluminum
substrate. Results of this comparative gtwere consistent with observations from the @ior
Institute of Technologexperimental program and highlighted the importance of using tapered
adherends to avoid fatigue failuresn addition, it was found thatgical aircraft structural
stresses were far belowperimentaly obtained threshold values for the particular geometries
investgated.

The environmental durabiitof adhesivel bonded joints is a keissue to be considered by
aerospace design engineers. Effects of long-term isothermal and thiesyobdtl exposure to
specific environments can be detrimental to adhesive joint performance in terms of reduction in
fracture toughness and fatigue threshold. Theystiedcribed in the following report sought to
address a representative sample of these important concerns.

iX/x



1. INTRODUCTION.

1.1 PROGRAM OVERVEW.

The goal of this program was to assess the durabilibonded composite joints using fracture
mechanics. Fracture mechanics (section 1.2) and stress-based techniques have been used to
analze and design bonded joints in previous studies. These methods will be reviewed in
section 2 The currentresearh programaimed at expandingthe use of fracture mechanis to

address the issue of the environmental durghdtitbonded joints while recognizing the merit

and applicabily of stress-based approaches

To attain thegoal of this prgram, several objectives were identified. These include the
characterization of fracture and fatigue behavior of several adhesive j@tems, the
guantification of degradation due to environmentapcsure, and the development of a
methodolog to assess the structural integf bonded joints. These objectives served to guide
the research described in the following report.

Motivation for this project came from several directions, the pgnfacus being on bonded
structures for aerospace use.

First, a desire xasts to supplement current stress-based approaches to bonded joint design.
Although stress-based methods have proven their worth over the last several decades, fracture
mechanics offers an alternate, equalhble means of angis.

Second, impetus for this research also came from a need to link knowledge of environmental
effects with the fracture and fatigue characteristics of bonded joints. As bonding becomes more
prevalent and aircraft design lives lengthen, understanding, in general terms, the interaction of
the operatig environment with material properties becomes incrghsicrucial. In addition,

several aganizations, includig the Federal Aviation Administration; the U.S. Air Force; and
major airframe manufacturers, have concerns about the performance of specific adhesively
bonded gstems.

Finally, this research was undertaken to respond to the ngdeoteased emphasis for life
extension of ging aircraft. This emphasis haghlighted the need for addresgithhe durability

of bonded composite repairs tgigting cracked metallic components as well as the projected
lifetimes of bonded structures in future aircraft designs. Understanding the behavior of adhesive
joints subjected to various environmental conditions serves as the basic ngptaetion for this
research and for the eventual development and refinement of dyrabtitdamge tolerance
guidelines for bonded aerospace structures.

Characterizing the fracture and fatigue behavior of bonded joints ggremglo/s pre-aisting

cracks or defects in the bond line region. These cracks are artifim&ibduced and are
intended to simulate damage to, or flaws in, the bond line whighoowur during fabrication or
operation of adhesiwlbonded components. Thus, the focus of this research was on the
propagation of cracks rather than on their initiation. Fatigue studies used the concept of a
threshold level (defined as 1 x 4éhm/gycle [1 x 10% in/cycle]) to describe cracirowth during



cyclic loading. The authors have used the terms crack and depood/rmously to describe
fracture in the bond line region. When necegsamore detailed description of the location of
fracture (i.e., cohesive [within the adhesivgeld versus adhesive [at an adhesive/adherend
interface]) is provided.

This report summarizesxperimental and angtical studies and also addresses the design of
bonded joints from a conceptual standpoint. As part of xperemental effort, monotonic and

cyclic loading tests were performed on double cantilever beam (DCB) specimens constructed of
several combinations of adhesives and composite and metallic adherends indicative of present
and future bonded aerospace structures. These tests were conducted before and after subjecting
specimens to environmentadposures which paralleled actual service conditions. Finite element
analses were also carried out to supplement thgeemental efforts and to compare data
generated in this project with results obtained from an independentadtidnded repair fatigue
behavior.

This report is subdivided into seven sections. Section 1 serves as the introduction and
summarizes the use and ams#& of adhesivgl bonded joints from a historical perspective.
Section 2 reviews previous work in the design of bonded joints and sets forth a fracture
mechanics approach to duralyilitSection 3 reviews the materials and experimental procedures
used in the xperimental work. Closed-form and finite element gs@é are described in
section 4 Section 5 summarize ard discusse the experimentaresults A cas study, in which

the research for this program is related to an independernyt $tuchs the basis for section 6.

The summayr and conclusions are presented in section 7.

1.2 HSTORCAL PERSPECIVE.

Adhesive bonding of aerospace components is a fabrication technique which, though over 70
years old, has increased markeai populariy during the last two decades and is curseatl

focal point in mag studies regarding aging aircraft. Milyaapplications of adhesive bonding
began in the earldays of flight and during World Wak. Significant breakthroughs such as the

use of phenolic resins in wood and wood-to-metal joints occurred during the Worldl &vaion

aircraft such as the RAFMosquito. Building upon these advances, engineers at Fokker began
bonding structural metal components on the successful F-27 and F-28 series in the late 1940’s
and ean 1950's. [12] Military use of bonded metal structures occurred almost simultaneously
on aircraft like the USAF’s B-5Blustler. [3]

A highly successful program investigating bonding for use in joining metal aircraft components
was the Primar Adhesivey Bonded Structures TechnoloPABST) program [4, 5] sponsored

by the USAF in the late 1970’s. This program’s results confirmed a&pdneed the list of
advantages offeredylpropery manufactured adhesive bonds compared to riveted assemblies.
This list of strong points includes reduced weight, increased fatigue resistance, improved sealing
capabilities, more efficient aengoamics and, often, reduced costs.

These advantages have also spurred the use of adhesive bonding for joipmgr pohtrix
composite aircraft components. Due to the possibdit cocuring and the brittle nature of



composite parts, adhesive bonding is well-suited for joining composites to composites and
composites to metals, as well. Military applications initiated the first use of adhesively bonded

advanced composites, and aircraft such as the F-18 and the future F-22 employ significant
amounts of bonded polymer matrix composite laminates for wing skins and control surfaces.

Similar applications may be found on many types of commercial aircraft whose economic

operations benefit considerably from the reduced weight offered by bonded composite

assemblies. However, due to past difficulties with surface preparation and associated troubles
with environmental durability, adhesive bonding has not become widespread in the aircraft

industry. [1]

Coincident with the use of bonds for structural fabrication, advances in repair technology and an
increased emphasis on extending the lifetimes of aging aircraft have generated a great deal of
interest in the use of adhesives for repairs. In fact, the use of adhesively bonded composite
repairs of metal structures is currently the focus of as many research and development efforts as
the bonding of primary structural composites, and perhaps more. Pioneering work in Australia
[6] and the U.S. [7] has resulted in broad usage of bonded repairs on military aircraft. There is
also growing interest in their application to commercial aircraft, as exemplified by recent FAA
supported research and development efforts on use of composites for door corner reinforcement
of an L1011 aircraft, and assessment of bonded repairs of metal structure by McDonnell Douglas.
Although carbon fiber reinforced composites [8] and GLARHaminates [9] have been
employed in bonded repairs of metals, the most common bonded repair system for metals
consists of a boron-epoxy composite laminate bonded to an aluminum airframe using a rubber
toughened epoxy adhesive. Though no exhaustive survey exists of all bonded aircraft repairs, an
estimated 6500 boron-epoxy patches are in worldwide use on military aircraft and over 200 have
been applied to commercial aircraft. [10] Table 1 shows a brief synopsis of some of the many
bonded boron-epoxy repairs in use. The most prevalent use of this technique has been the repair
of nearly 500 fatigue cracks emanating from wing skin fuel transfer holes (weepholes) on the
USAF C-141 fleet. [11] The primary advantage offered by these repairs is a significant reduction
in crack growth in the underlying metallic structure. This problem has been studied extensively,
[12, 13, 14] resulting in the well documented reduction in stress levelakamad the crack tip
together with the increase in patched component life.

Despite prior successes in wood, metal, and composite bonded joints and repairs, questions still
remain regarding the durability and damage tolerance of the adhesive bond line, the critical
region upon which the integrity of the bonded repair or assembly depends. Though
dimensionally small compared with the adherends, the bond line contains not only the adhesive
but also interphase regions and is the crucial component of any bonded structure, regardless of
the adherend materials. Thus, understanding the effect of defects and service environments on
the adhesive is necessary for assessing the long-term performance of bonded structures. This
issue is of critical importance in the current climate of extending the lives of existing aircraft and

of creating new designs intended for operational periods measured in decades rather than in
years.



TABLE 1. SUMMARY OF CURRENT OPERATODNAL BONDED BORON-EPOXY

REPARS [6, 15, 16]

Number of | Number of
Owner Aircraft Component Aircraft Pdches Date
MILITARY
United Stated\ir Lockheed C-141 Wing Skin ~150 ~500 1993-94
Force (URF) General ynamics F-111 Wing Pivot 411 ~800 1973-83
Rodkwell B-1 DorsalLongeron 96 ~190 1991-96
Lockheed C-5 Fuslage 2 1996
Lockheed C-130 Gea Door 1 1992
Northrop T-38 Access Door 4 1994
Royal Australian General Ornamics F-111 Wing Pivot, &in
Air Force (RAAF)
Lockheed C-130 Wing Stiffener ~1500 total 1975-96
Mirage Il Wing andTail Skin
Macdahi Wheel
Royal Air Force Hawk Wing Skin 1 1 1993
(RAF) Harrier Fuselge 1 1 1993
Royal CanadianAir | Northrop F-5 Wing Skin ~25 ~50 1992-97
Force (RG\F)
DutchAir Force General rnamics F-16 Wing Skin ~3 ~3 1996
COMMERCIAL
Air Inter (France) Dassault Mercure Door Franes 11 ~100 1973-78
Ansett Australia) Boeing 767 Keel Beam 1 2 1989
BAE 146 Engine Cowl 1 6 1992
Qantas Boeing 747 Various decals 1 9 1990
AustralianAirlines Boeing 727 Fuselage decdls 1 9 1989
Boeing Boeing 747-SR Various 1* 11 ~1989
Boeing 747-400 Various 1* 13 1990
Air Wisconsin BAE 146 Engine Cawl 6 1992
Federal Epress Boeing 747-200 Various decald 25 1993

* indicates static test &iame
T decals are patches applied to uncracked structure to test durability

2. DESGN PHLOSOPHY.

2.1 PREVOUS RESEARCH.

Previous research in the field of bonded joint ggialand design nyebe grouped into two major

areas of emphasis. The first, a stress-based approach, was initi@ethbd and Reissner [17]

and has been used extenspgy Hart-Smith [5], Hart-Smith and Thrall [18], and others. This
approach has focused on determining the distribution of shear and normal (or peel) stresses
within the adhesive bond line under static loading conditibngheir seminal work, Goland and
Reissner inveggated sigle lap shear joints with thin (inflexible) and thick (flexible) adhesive
layers. Their results indicated that both shear and normal stresses appraawch ataor near



the free edge of the joint. Adams [I&]nfirmed this observation and, using a finite element
analysis, proposed that failure of the adhesive layer occurs in tension due to high peel stresses
rather than in shear as suggested by the lap shear joint's name. Because of the importance of the
peel stresses, they have been incorporated into bonded joint design and current criteria call for
their elimination or drastic reduction. [4, 5, 18] The presence of stress concentrations at the
edges of a joint combined with a lightly loaded though useful region of adhesive at the center has
led to techniques, such as increased overlaps and tapered adherends, which reduce the magnitude
of the near-edge stresses. In addition, several stress-based failure criteria have been proposed.
One of the most notable is Hart-Smith’s approach [@8]ch states that bond strength is limited

by the adhesive’s shear strain energy per unit bonded area. To date, the stress-based approach to
bonded joint design has functioned well, has been incorporated into computerized design
programs used in the aerospace industry, and has contributed to the success of the USAF's
PABST program and subsequent adhesively bonded designs.

However, in order to more accurately evaluate the effects of bond line flaws and fatigue, a
second, parallel approach to the examination of bonded joints based on the principles of fracture
mechanics has emerged. Founded upon the basic theories developed by Griffith and Irwin, the
use of fracture mechanics for bond analysis was first proposed by Ripling, Mostovoy, and
Patrick. [21] At the time of their research, the stress-intensity factor, K, had become accepted for
describing fracture in metals. However, the use of K is based upon homogeneous materials and
requires difficult stress analyses if H is to be applied to heterogeneous systems. Ripling et al.
[21] recognized the inhomogeneity of bonded systems and proposed the use of the more
fundamental strain energy release rate, G, to replace K in describing fracture of adhesive joints.
The use of current K solutions also depends upon the full development of a plastic zone ahead of
the crack tip. In adhesive joints, the plastic zone in the adhesive layer is often restricted by the
adherends. Shaw [22] investigated this phenomenon and used it to further reinforce the choice of
an energy (G) approach rather than a stress intensity (K) approach for describing the fracture
behavior of bonded joints. A number of specimens have since been developed to investigate the
Mode |, I, and/or Ill fracture and fatigue behavior of adhesinmynded joints. The most
common is the double cantilever beam (DCB) which tests the resistance to Mode | cracking.
Mixed-mode (rather than pure shear) behavior, which most closely parallels the loading on joints
in service, may be addressed using specimens such as the cracked lap shear (CLS) specimen
developed by Brussat al. [23] and the mixed-mode bending (MMB) test designed by Reeder
and Crews. [24]

Using the concept of fracture mechanics and the specimen geometries previously described,
Johnson and colleagues in a series of articles [25-28] addressed the specific problems of fatigue
and fracture in bonded composite materials. Some of their conclusions are summarized in the
following paragraphs.

In an effort to assess the fracture behavior of common bonded composite systems, Johnson and
Mangalgiri [25] investigated the static toughness of seven adhesive and polymer matrix resins
used in fiber reinforced composites. Results from their research, shown in figure 1, illustrate a
wide distribution of fracture toughness values ranging from those of relatively brittle systems
such as the Hercules 3501-6 and Narmco 5208 epoxy matrix resins to that of Hexcel's F-185



rubber-modified epoxy adhesive. Figure 1 indicates a type of performance envelope for the
Mode I, Mode Il, and mixed-mode failure of the polymer systems examined. Note that toughness
or energy required to cause fracture under Mode Il shear conditigg)Sg@/pically higher than

that required under Mode | peel conditions:)G In addition to the constraining effects of the
adherends investigated by Shaw, the authors proposed that this inequality could be based upon
the polymer structure. They suggested that the relatively lower Mode | toughness values of many
of the more brittle polymers may have been due to a high degree of cross-linking resulting in an
inability to sufficiently deform plastically or to dilatate (increase in volume). Since the ability to
dilatate is necessary for the development of Mode | toughness but not for Mode Il (shear)
toughness, the more brittle polymers, therefore, exhibited Mode | values which were lower than
their Mode Il values. In contrast, the more ductile polymers (F-185 and PEEK) exhibited much
higher Mode | toughnesses than the brittle systems. Furthermore, the authors suggested that
environmental exposure to heat and/or moisture may affect one mode of toughness to a greater
extent than another mode, depending upon the effect that the exposure has on the polymer
structure.
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FIGURE 1. MODE FRACTURE TOUGHNESS OF SEVERAL MATRIX AND ADHESIVE
SYSTEMS [25]

To investigate the fatigue crack growth or cyclic debonding characteristics of bonded composite
joints, Johnson and Mall [26] employed the CLS specimen geometry. In fatigue tests on Narmco
T300/5208 graphite reinforced composites bonded witf33@ (American Cyanamid) and EC-
3445 (3M Corp.) rubber-modified epoxies, the authors developed da/dN vessuU&Q curves

similar to the da/dN versuBK relationships used to describe fatigue in metals (figure 2).
Correlation between da/dN and @as good despite the use of different adherend thicknesses as
denoted by the thick- and thin-strap data in figure 2. With the selection of a threshold crack
growth rate of 18 mm/cycle (3.94 x 18 in/cycle), their work also confirmed earlier findings
indicating that static fracture toughness values far exceeded the threshold strain energy release
rates (G ) required for debond growth in bonded composites. [28] In comparing figures 1 and
2, it can be seen thatr¢z values are approximately 10% of the static toughness values for the



two adhesives examined. Finally, the fatigue studies also revealed that the slopes of the crack
growth curves (indicated in figure 2 by n) for adhesive bonds are much higher than those for
metals. This indicates that adhesive bonds have a greater sensitivity to small changes in the
applied strain energy release rate making bond line crack growth rates less predictable under
conditions of variable loading.
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FIGURE 2. RELATION BETWEEN TOTAL STRAIN ENERGY RELEASE RATE AND
DEBOND GROWTH RATE FOR BONDED COMPOSITE JOINTS USING
FM®300 AND EC-3445 ADHESIVES [26]

Johnson and Mall [26] also examined the effect of tapered adherends on the fatigue crack growth
behavior of the CLS specimens. Tapering was shown by Hart-Smith [5] to drastically reduce the
peel stresses present at the joint ends and thereby enhance the strength of bonded structures. A
5° taper was believed to reduce peel stresses to such an extent that debonding would be
eliminated. However, though Johnson and Mall found that tapering improved the fatigue
resistance of bonded joints, debonding was not completely eliminated even with a taper angle as
shallow as the recommended 5°. A summary of their results is given in figure 3 [26] which
includes experimental data and predictions using the Geometric and Nonlinear Analysis of
Structures (GAMNAS) [29] finite element program. By reducing the taper angle from 90° (no
taper) to 5°, it was found that the stress required to reach the threshold strain energy release rate
level (Gr) was increased by approximately 50% and that most of the improvement came with
taper angles below 10°. Tapered adherends carry more load than untapered adherends and
adhesives with lower {3, values can be substituted for those with greatey @&lues for a given

joint loading. Changes in the taper angle may also serve to offset the effects of environmental
exposure. This subject will be briefly discussed in the following section.
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The several studies previoyslescribed illustrate that the use of fracture mechanics has definite
merit in assessing the behavior of bonded composite joimarticular, it supplements and
compliments stress-based asals ly adequatel describilg static toghness and fague crack
growth characteristics.

2.2 A FRACTURE MECHANCS APPROACH TO DURARB.ITY.

Design of metal aerospace components has succgssftdhrated static anglield strength
analses with fracture mechanics to accommodate various philosophies including safe life, fail
safe, durabilig, and damage tolerance. The design of bonded composite structures and structural
repairs to existig metallic structures can also benefit from the use of both stress-based and
fracture mechanics approaches. However, in order tp dnlllerstand the durabylitof bonded

joints, the effect of operating environments on the fatigue and fracture properties of the adhesive
must also be known. Groundwork has been Ilgidhle investigators previoysmentioned and

by studies of the effects of various environments on some adhesive properties, but needs still
exist to address the performance of specific adherend-adhesive combinations and to combine
environmental, fatigue, and fracture studies of bongistéss.

For example, it is known that moisture absorption results iryingrdegrees of plasticization,
strergth loss, and increased ductiliof some epox adhesives. However, the effect of moisture
on the fatigue and fracture properties of bonded joints gmmgidhese adhesives is still not fully
understood. In addition, since adhesive joints agstems comprised of adherends, adhesives,
and inter-phase regions, the performance of each of these compongrggangl affect the
performance of the joint. Thus, general knowledge of the behavior of adhespesed to
various environments must be supplementgdkrowledge of the behavior of specific bonded
systems.

In reviewing some of the trends observed in references 25 tg Xéhbson and colleagues for
room temperature behavior of as-received bonded composite specimens, it appears that



environmental exposure (i.e., exposure to heat, moisture, or both) may affect the behavior of
bonded joints in several ways that can be highlighted using a fracture mechanics approach. Some
of the possible effects of environmental exposure on the performance of bonded composite joints
will be discussed in the following paragraphs using schematic diagrams which parallel those
shown in figures 1 through 3.

Figure 4 illustrates some possible effects on the properties of adhesive joints under monotonic
and cyclic loading. As shown in figure 4(a), environmental exposure may affect the static
fracture behavior of bonded joints by changing the fracture toughness in general or by
preferentially altering the fracture toughness in one mode compared to another. These possible
effects were suggested by Johnson and Mangalgiri [25] in their discussion of the relationship
between molecular structure and toughness under various modes of fracture.
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FIGURE 4. POSSIBLE ENVIRONMENTAL EFFECTS ON THE (a) FRACTURE
TOUGHNESS AND (b) FATIGUE CRACK GROWTH BEHAVIOR OF
ADHESIVELY BONDED JOINTS

Such changes in the structure of the polymer and in its fracture toughness may effect fatigue
behavior in the form of the shift in the locus of da/dN versudgd®a shown in figure 4(b), which
indicates a change in the threshold level and rate of crack growth for a given level of applied load
or strain energy release rate. Alternatively, the effect on fatigue behavior may be manifested only
by a change in the slope of the da/dN versusi&a, indicating a change in the sensitivity of the
crack growth rate to changes in applied load or strain energy release rate.

Although figure 4 shows the changes as detrimental, there is no reason to doubt that exposure to
some environments may enhance bonded joint performance. For example, moisture absorption
by an epoxy adhesive may plasticize it to an extent that it is able to withstand increased dilatation
during Mode | loading, thereby increasing its Mode | fracture toughnegsa{dle maintaining

its level of Mode Il fracture toughness({>at the level present prior to exposure. In addition,
degradation of adhesive joint properties may be due to changes in the interphase regions which



control the strength of the adhesive and adherend bonds. In this case, the adhesive may not be
directly affected by the environment at all, but the interphase region may be weakened to an
extent that it becomes the strength- or fatigue-limiting constituent of the joint. The importance of
these possible trends in fracture toughness and crack growth behavior is crucial to designers for it
is their task to ensure the integrity of a bonded joint over the life of the structure. Knowledge of
these trends may result in the use of so called “knockdown” factors to limit the loads applied to
affected joints or in alterations in the geometric designs of the joints.

In order to compensate or design for changes in the fatigue and fracture performance of a
composite joint due to environmental exposure, measures might be taken such as those shown in
figure 5. Figure 5 illustrates, for a case where exposure has shifted the crack growth threshold,
that environmental effects may also force design modifications to achieve a desired design
lifetime for a given cyclic stress level. Such modifications may reduce the total applied strain
energy release rate;Goerhaps through changes in the adherend taper angle. For the case where
one mode of toughness is preferentially attacked, other design changes may permit a bonded joint
to be loaded in a manner that better exploits its less degraded properties. In any case, knowledge
of the way in which the environment affects a joint’s fatigue and fracture properties will lead to
improved designs.
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FIGURE 5. ENVIRONMENTAL EXPOSURE EFFECTS MAY REQUIRE DESIGN
CHANGES TO MEET OPERATING REQUIREMENTS

To design efficient, effective, and durable bonded composite joints, it is necessary to determine
the effect of service environments on the adhesive properties examined by stress-based and
fracture mechanics approaches. Changes in strength, preferred mode of fracture, and crack
growth behavior during long-term exposures will all affect the design of bonded joints used for
structural and repair purposes. Through the use of stress analyses to ensure adequate static
strength, fracture mechanics and fatigue analyses to ensure adequate damage tolerance, and
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environmental studies to ensure adequate long-term dwahiihesivel bonded aircraft joints
and repairs can be designed and fabricated to meet the incrgadimgient requirements for
extended aircraft lifetimes.

3. MATERIALS AND EXPERMENTAL PROCEDURES.

Experimental efforts supporting this FAA-sponsored research project at the Gestdige of
Technolog focused on the Modefracture and fatigue behavior of several bonded jystems.

These adherend/adhesive/adhereygtesns include aluminum/epgaluminum and aluminum/
epxy/boron-epay for the USAF C-141 transport program, graphite-bismaleimid&iépo
graphite-bismaleimide in support of the new F-22 fighter, and titaniupmpdie/titanium from

the High Speed Civil Transport program. The aim of thisystuak to appf fracture mechanics
concepts to evaluate the environmental durgtmlitoonded metallic and compositgstems used

in the construction and repair of aerospace structures. Thus, the intent wasnioeethe
fracture and fatigue characteristics of cracks in the bond line rather than to investigate the
behavior of cracks in the metallic or composite adherends.

3.1 MATERALS.

The adhesives and bonded joigstems investigated for this program were chosen based upon
their availabiliy and current or anticipated usage on aerospace vehicles. The adhesives
evaluated were suppliedy bwo manufacturers: CYTEC Advanced Materitde. (Havre de
Grace, MD) and 3M Corporation (St. Paul, MN). Three aircraft programs provided the bonded
joint specimens for this styd the C-141 transport and F-22 fighter programs ftamkheed

Martin (Marietta, GA) and the Iigh-Speed Civil Transport pgeam from the Boeig Co.
(Seattle, WA).

3.1.1 Adhesives.

Two epoy-based adhesives and oneyoide-based adhesive were examined for this project:
FM®73M and FMx5 manufactured yo CYTEC Engineered Materialsinc. and AF-191
manufactured yp3M Corporation.

3.1.1.1 FM73M.

FM®73M is a modified epoy adhesive produced as a supported film with a nonwoven random
polyester mat scrim cloth (volume fractier2%) located near the midplane of the adhesive film
[30], figure 6(a). FM®73M has an advertised use temperature of 82°C (180tRyas used in

the U.S. Air Force’s successful PrimafAdhesivey Bonded Structures TechnolodPABST)
program in the 1970s and is currgriking used in bonded composite repair of cracked metallic
aerospace structures. The particular form of’¥8M film used in this research had a nominal
weight and thickness of 300 ¢/nf0.06 Ib/ff) and 250pum (9.8 mils), respectivgl Cured
FM®73M film has a darkellow color and, as a singleykr, is translucent.
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3.1.1.2 AF-191.

AF-191 is also a modified epoxy adhesive. It is produced with a nonwoven random nylon mat
scrim cloth (volume fractior 4%) which, unlike that in the FRF3M, is located along one face

of the uncured adhesive film [31], figure 6(bAF-191 has an advertised use temperature of
177°C (350°F) and is currently being used to bond composite components on the F-22 fighter.
The particular form of AF-191 film used in this research had nominal weight and thickness of
390 g/nf (0.08 Ib/ff) and 250um (9.8 mils), respectively. The cured AF-191 film has a pale-
yellow color and, as a single layer, is translucent.

(@) (b) (€)

FIGURE 6. SCRIM CLOTHS CONTAINED IN THE (a) FRT3M, (b) AF-191, AND
(c) FM®x5 ADHESIVES

3.1.1.3 FMX5.

FM®x5 is an amorphous high-temperature polyimide thermoplastic formulated as a mixture of
the PETI-5 resin with a thermoplastic polyimide modifier. [32, 33] It has an advertised use
temperature of 177°C (350°F). The adhesive contains a woven glass scrim cloth with a volume
fraction of approximately 40%, figure 6(c). According to the manufacturer, the scrim cloth is
necessary to impart physical integrity to the adhesive sheet; with no scrim cloth, the resin is
extremely fragile and friable. [34] The adhesive’s nominal weight and thickness (including the
scrim cloth) are 515 g/f(0.10 Ib/ff) and 34Qum (13 mils), respectively. The FM5 film has a
dark-brown color and, as a single layer, is nearly opaque.

3.1.2 Bonded Specimens.

Bonded joint specimens were manufactured by Lockheed Martin and Boeing using typical
production methods and material stock. Standard industrial practices for surface preparation and
adhesive bonding were used to ensure the test specimens closely paralleled bonded structures
fabricated on the shop floor. Specific dimensions of the specimens are shown in figure 7.
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3.1.2.1 C-141 Bonded Systems.

Lockheed Martin provided specimens made from materials characteristic of the C-141 transport.
This aircraft has been a mainstay of the U.S. military airlift fleet for nearly a quarter of a century
and is not projected for retirement for another decade. Due to the airframes’ advanced age,
fatigue cracking of metal skins and components is becoming more prevalent. Use of bonded
boron-epoxy patches, as previously discussed, is a repair method of choice. Test specimens
reflected the materials used in these repairs: aluminum and boron-epoxy composite laminates
bonded with FNM73M film adhesive. Two combinations of the materials were used in specimen
fabrication: aluminum bonded to aluminum (AI/E¥BM/AI) and aluminum bonded to boron-
epoxy (AI/FM®73M/B-Ep).

3.1.2.1.1 Aluminum Bonded to Aluminum (AI/FM3M/AI).

Although bonded repairs made to the C-141 consist of one composite adherend bonded to an
aluminum substrate, it was decided to investigate the durability of metal-to-metal bonds to gain a
better understanding of the adhesive behavior and to evaluate the bonded system which formed
the backbone of the PABST program. Bare 7075-T651 aluminum, indicative of the C-141 wing
skin, was used for the adherends.

Prebond surface preparation of the aluminum involved.®-Adrit blast, a sodium dichromate
(Forest Products Lab, FPL) etch, and the application of a protectiV&2BRrimer.

Curing was performed in a vacuum bag at 116°C (240°F) and full vacuum for 150 minutes. The
resulting bond line thickness was approximately 1®0(3.9 mils).

3.1.2.1.2 Aluminum Bonded to Boron-Epoxy (Al/ENBM/AL).

To simulate bonded repairs made to the C-141, specimens fabricated from bare 7075-T651
aluminum and boron-epoxy composite adherends were also evaluated. The boron-epoxy
composite adherends were cured prior to bonding using F4/5521 boron-epoxy prepreg (Textron
Specialty Materials, Inc., Lowell, MA). The laminates were nearly entirely unidirection&d

03, 90, 0] and designed to withstand loads, found from practice tests, which caused crack growth
in the adhesive.

Preparation of the precured boron-epoxy laminates consisted of hand sanding with 280 grit
abrasive paper followed by a methanol wipe. Surface preparation of the aluminum was as
described in the previous section.

As with the AIIFM®73M/AI system, AlI/FM’73M/B-Ep curing was carried out using a vacuum
bag at 116°C (240°F) and full vacuum for 150 minutes. The resulting bond line thickness was
approximately 22%m (8.9 mils).

Because of the coefficient of thermal expansion mismatch between the alumigum2@.1 x

10%°C [12.3 x 1¢/°F]) and the boron-epoxyage, = 4.5 x 1F/°C (2.5 x 1F/°F)), the
AlIFM®73M/B-Ep specimens were distinctly curved with the aluminum on the concave side
(figure 7). The extent of this curvature was measured at various temperatures. As expected, the
stress-free temperature, i.e., the temperature at which the specimen curvature vanished, was
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found to be the processing temperature of the specimens,xapately 116°C (240°F).
Although bonded repairs to aircraft do not result in such gross deformations of thejingderl
structure, residual stress states are ywaesent in the adhesive bond line due to the mismatch
of the coefficients of thermalxpansion (CTE) and must be addressed in some matineas
imperative to understand the consequences of the unavoidable curvature of th&78NFBF

Ep specimens in order to aya¢ subsequent test results and perform finite elemernysasal

3.1.2.2 F-22 BondedyStems.

Lockheed Martin also provided specimens fabricated from materials characteristic of bonded
composites on the new F-22 fighter. Adherends consistdd @5250-4 graphite-bismaleimide
laminates (prepreg from BASF Materialagc.) in either a crossl[0,4, 90] or quasi-isotropic

[+45, @, +90]s configurations. The quasi-isotropic adherends matched theplaised for
specific F-22 components. AF-191 was used as an adhesive on these specimens.

Prebond surface preparation of precured composite laminates consisted of hand sanding with 180
grit abrasive paper followed/la methanol wipe.

Seconday bonding of the adherends was carried out in an autoclave at 177°C (350°F) and
310 kPa (45 psi) for 60 minutes. The resulting bond line thickness wasxapptely 250 um
(9.8 mils).

3.1.2.3 High-Speed Civil Transport (HSCT) Bondgdt&m.

Boeing provided specimens constructed from materials characteristic of possible bonded fuselage
or wing assemblies on the High-Speed Civil Transport. Such assemblies are projected to
experience aergghamic heating up to temperatures of 177°C (350°F) when the vehicle is flown

at speeds inxeess of Mach 2.

Adherends consisted of Ti-6Al-4V titanium, and the adhesive waSx6&M Adherends were
prepared using a Boeing standard chromic acid etch followedebapplication of a protective
BR®x5 primer prior to bonding.

Curing was performed in an autoclave at 350°C (662°F) and 345 kPa (50 psi) for 90 minutes.
The resulting bond line thickness was apprately 340um (13 mils).

3.2 SPEGVMEN GEOMETRY.

Double cantilever beam (DCB) specimens were used for this research to induceypktodeill

fracture in the adhesive bond line (although AIfM@M/B-Ep specimensx@erienced some
induced Moddl fractures in addition to Modefractures). Individual specimens were cut from

large sheets of bonded adherend materials manufactured as described in the preceding
paragraphs.Individual specimens were nomina5 mm (1 in) wide and 305 mm (12 in) long
(figure 7). A 102um (0.004-in) -thick strip of Teflon release film was used to prevent bonding

of a nominal 44 to 54 mm (1.75 to 2.25 in) region at one end of each of the “ABRMAI,
Al/IFM®73M/B-Ep, and Gr-BNYAF-191/Gr-BM specimens. Kapton film of a similar thickness

was used for the Ti/FRK5/Ti specimens. These initipldebonded regions served as initiation

sites from which cracks in the adhesivgelawere grown.
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3.3 ENMRONMENTAL CONDITIONING.

To assess the environmental durapilf the bonded joint specimens, two forms of pretest
environmental conditioning were used: isothermaposure and thermalycling. The
temperature and humigtitevels for each of thesgpes of conditioning depended upon the nature

and application of the bondegssem being investigated and upon the limitations of the available
equipment. Based upon (1) discussions with the specimen manufacturers, (2) common test
procedures usedybmajor airframe manufacturers and defense laboratories, and (3) aircraft
service conditions, a concerted effort was made xpose the specimens to realistic
environments.

3.3.1 Isothermal Eposure.

Two forms of isothermal xposure were empjed: (1) 5,000 hours ofxposure to a hot/wet
environment of 740.6°C (16@&1°F) and 943% relative humidit (rh) and (2) 5,000 hours of
exposure to a hot environment corresponding to the upper use temperature of the particular
bonded gstem. For the C-141 bondegstems, the most severe hot/wet condition corresponded

to long-term &posure to ground operations in a tropical location. For the F-22 bopstetns

the most severe hot condition corresponded to edge-of-the-envelope flight conditions during
high-speed maneuvers. Supersonic cruise conditions set the limit for the wuppsure
temperature for the HSCT bondegtems.

Isothermal eposure was performed using air circulating ovens (figure 8). Hot/wet conditions
were achievedybsupporting selected specimens above a pool of distilled water in sealed glass
chambers (figure 9) which were placed inside an oven operating at 71°C (160°F). Table 2 shows
the specific isothermakposure conditions for each of thgseems investigated for this report.

FIGURE 8. THERMOTRON AR CIRCULATING AGING OVEN USED FOR.ONG-TERM
ISOTHERMAL EXPOSURE
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FIGURE 9. HUMIDITY CHAMBER USED TO MAINTAIN A HOT/WET ENVIRONMENT

TABLE 2. ISOTHERMAL EXPOSURE SUMMARY

Program Materials Environment
C-141 AIIFMP73M/AI hot/wet, 71°C (160°F)/>90% rh
AlIFM®73M/B-Ep hot/wet, 71°C (160°F)/>90% rh
F-22 Gr-BMI/AF-191/Gr-BMI hot, 104°C (220°F)
HSCT Ti/FMPx5/Ti hot, 177°C (350°F)
TilFM®X5/Ti hot/wet, 71°C (160°F)/>90% rh

3.3.2 Cyclic Thermal Exposure.

Because of the thermal excursions experienced by aircraft structures during normal flight

operations, the resistance of bonded joints to degradation caused by cyclic thermal exposure
(thermal cycling) is important. Selected specimens were subjected to thermal cycles between the
lower and upper temperature limits for the specific bonded systems. The thermal profiles,

temperature limits, and number of cycles for each bonded system was determined based upon
discussions with the specimen manufacturers, aircraft service conditions, and equipment

limitations.

AlIFM®73M/Al, AI/FM®73M/B-Ep, and Gr-BMI/AF-191/Gr-BMI specimens from the C-141

and F-22 programs were preconditioned for approximately 300 hours in a hot/wet environment
(71+0.6°C (160%1°F) and 94+3% rh) prior to thermal cycling. The duration of this
preconditioning was based upon the apparent saturation (determined by weight change) of the
bond line in the AI/FN73M/Al specimens. It was estimated that 200 hours of exposure to a
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hot/wet environment resulted in a nearly saturated bond line region. Upon guidance from the
F-22 program office, edges of the Gr-BMI/AF-191/Gr-BMI specimens were sealed with
aluminum tape prior to thermal cycling to simulate a worst-case condition of moisture trapped
within the bond line.

Common to each of the thermal cycle profiles, a low-temperature limit of -54°C (-65°F)
simulated high altitude, subsonic cruise conditions. The cycle-specific high-temperature limit
corresponded to the upper use temperatures for each of the particular bonded systems.

Thermal cycling was performed using a dual chamber thermal cycling apparatus located at the
Warner Robins Air Logistics Center, Robins AFB, GA (figure 10). During thermal cycling,
specimens were shuttled between hot and cold chambers by means of an automatic pneumatic
trolley mechanism. The trolley remained in a chamber for a time sufficient to achieve the desired
temperature profile on the specimens. No humidity control was possible with this thermal
cycling unit. A thermocouple was placed between two adherends to monitor bond line
temperatures. The C-141 (AI/FWM3M/Al and Al/IFM®73M/B-Ep), F-22 (Gr-BMI/AF-191/Gr-

BMI), and HSCT (Ti/FMx5/Ti) specimens experienced average ramp rates of approximately
12°C (22°F)/min, 6°C (11°F)/min, and 7°C (13°F)/min, respectively. Table 3 and figure 11
describe the specific thermal profiles used for the individual bonded systems investigated for this
project.

FIGURE 10. THERMAL CYCLING UNIT LOCATED AT ROBINS AFB, GA
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TABLE 3. SUMMARY OF THERMA. CYCLING PARAMETERS FOR BONDEDOINT

SPEAQMENS
Sealed
Pre- during Temperature Number
Pragram Materials conditioning cycling? Extremes of Cycles
C-141 | AIFM®73M/AI yes no -54°C (65°F) 100
Al/IFM ®73M/B-Ep +71°C (+160°F)
F-22 | Gr-BMI/AF-191/GrBMI yes yes -54°C (65°F) 100
+104°C (+220°F)
HSCT | Ti/FM®X5/Ti none no -54°C (65°F) 500
+163°C (+325°F)
A C-141  AI/FM-73/Al or B-Ep (-54°C[-65°F] to 71°C [160°F])
——F-22 Gr-BMI/AF-191/Gr-BMI  (-54°C[-65°F] to 104°C[220°F])
—&— HSCT  Ti/FM-X5/Ti (-54°C[-65°F] to 163°C [325°F))
200
150 300
100 200
Temp 5 Temp
(°C) 100 (°F)
0
0
-50
1 -100
q00 b
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FIGURE 11. THERMA CYCLE TEMPERATURE PRORES

3.4 TESTNG PROCEDURES.

Mechanical testing was performed on screw-driven and sgivahlic machines in a laboratory

environment (222°C (72:3°F) and 585% rh) (figure 12). Loads, displacements, angcle

counts were collected automatigalising a digital data acquisitiogstem.
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Load was transferred to the Al/EM3M/Al and Ti/FM®°x5/Ti specimens by means of a pin-and-
clevis attachment bolted to the adherends. Load was transferred to the®23AKB-Ep and
Gr-BMI/AF-191/Gr-BMI specimens using hinges which were adhesively bonded to the
specimens at the time of manufacture (figure 7).

Crack growth within the adhesive layer was measured in one of two ways: (1) using a 20X
magnification traveling microscope or (2) using a Questar long focal length microscope and
video unit with an approximate magnification of 200X. To further assist in tracking crack
growth, one edge of each specimen was painted white and imprinted with a scale consisting of
0.5 mm gradations. Crack length was monitored on the painted edge.

FIGURE 12. DOUBLE CANTILEVER BEAM SPECIMEN BEING LOADED IN A
SERVOHYDRAULIC TEST MACHINE

Prior to testing, specimens were stored under conditions intended to preserve their particular
environmental condition. Specimens tested in the as-received condition and th& Z9iMI,
AlIFM®73M/B-Ep, and the Gr-BMI/AF-191/Gr-BMI specimens subjected to thermal cycling
were stored in the laboratory environment. Specimens which experienced long-term exposure to
hot environments and the Ti/FiM5/Ti which were thermally cycled were stored in a sealed
desiccator. Specimens which experienced long-term exposure to the hot/wet environment were
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suspended over distilled water in a sealed container and stored at 22 +2°C (72 +3°F) and
94 £3% rh.

3.4.1 Fracture Toughness (Monotonic) Testing Procedures.

Monotonic testing, using ASTM D3433-75 [35] and D5228-94a [36] as guidelines, was
conducted to obtain a fracture toughness or critical strain energy releasedaté(Gosshead
displacement rate, equal to a crack mouth opening rate, of 1.0 mm/min (0.04 in/min) was used.
Deviation from linearity of a load versus displacement trace indicated the onset of crack growth
in the bond line region. This was confirmed by optical observations. Several runs, permitting
the calculation of multiple @ values, were performed on each specimEmgure 13depicts a
collection of typical load versus displacement runs from a single specibgng the standard
deviation, sample size, and mean of these multiple values, a 95% confidence interval was
calculated for the value of,Gror each material and condition. Confidence intervals and mean
values are shown in the figures in the results section of this report.

1600
a=57.60 mm Program: Lockheed Martin C-141
Material: Al/FM-73M/Al
1400 1 Speumen.: L1D1 _
a=69.81 mm Exposure: none, as-received
Test Type: Monotonic
a=77.48 mm Test Conditions: Lab Air, RT, 1 mm/min
1200 + Test Date: 12 Apr 96
2=90.16 mm Specimen Wi‘dth (b): 27.127 mm
Adherend Thickness (t): 9.53 mm
a=100.39 mm
1000 +
a=115.80 mm
a=128.12 mm
Load, 800 |
=} (N) a=141.18 mm
A a=154.51 mm
a=167.90 mm
600 +
400 +
A observed crack growth
200 A
0 f f f f f

0 2 4 6 8 10 12 14 16 18 20

Displacement, & (mm)

FIGURE 13. LOAD VERSUS DISPLACEMENT DATA FROM SEVERAL RUNS
PERFORMED ON A SINGLE SPECIMEN

3.4.2 Fatique Testing Procedures.

Fatigue testing was carried out under displacement control using a displacement R-ratio
(Omin/dmay Of 0.1. Using displacement control permitted applied strain energy release rate
shedding so that a threshold crack growth rate could be approached as the crack propagated.
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A threshold fatigue crack growth rate of®lim/g/cle (4 x 1& in/cycle) was chosen based upon
previous work lg Marceau et al. [37] and Mall et al. [38]

The AI/FM®73M/Al and Ti/FM®x5/Ti specimens were tested at a freqyeoic10 Hz. Due to

the flexibility of the composite adherends, large deflections (up to 10 mm (0.4 in)) were
necessarto induce fatjue crackgrowth in the AI/FM73M/B-Ep and Gr-BMVAF-191/Gr-BMI
specimens. Because of these large deflections ytlraulic test gstem performance limited the
test frequencies for these twgstems to 3 Hz. For all specimens, periodicles conducted at

0.1 Hz captured peak and vallmad and displacement values used in compliance calculations
and in estimates of crack lgth and Gor Gr.

Crack lemth was either opticall monitored usig the same procedures as emyplb for the
monotonic fracture toughness tests or computed using compliance calculations.

Data is presented in section 5 in a manner similar to da/dNsv&kKsgurves familiar to those
with experience in fague anayses of metallic materials. However, instead of giginstress-
intensiy factor ramge (AK), a strain enerngrelease rate rangAG) is used. This is done because
the constraint caused Ithe relativey thick adherends on the thin bond line does not permit the
formation of a fuly developed plastic zone and, hence, the concept of K is invalid. The concept
of G however, being based upon enengmains useful. For the case of the DCB specimens
with similar adherends)K is replaced § AG,. Because of the lack of yamesidual Modell
componentAG,; is equivalent td\Gr, the total applied strain engrgelease rate range. For the
case of the Al/IFNM73M/B-Ep specimens with dissimilar adherendk, is replaced § AGr
which was obtainedyba combination ofx@erimental observations and ABAQUS finite element
analses. This use oAGt accounts for the residual,Gevel in these specimens and, thus,
permits the fatigue crack growth data to be gasdmpared to that from the other bonded
systems.

4. ANALYTICAL PROCEDURES.

Adhesive) bonded joints are complex structures whichyrbe analzed using a varigt of
technigues to determine the stress states and fracture modes present at a draokampcases,
for simple jointgeometries and loadinpaths, closed-form solutions are sufficient other
cases, a finite element model is required.

The anaysis of a double cantilever beam (DCB) specimen beacarried out in closed form for
specimens with identical adherends. However, for specimens with dissimilar adherends, such as
the C-141 Al/IFM73M/B-Ep ystem, a finite element aryais was required to determine what
effects thermal residual stresses, specimen curvature, and differences inutsd ffreodulus of

the adherends had on the fracture modes present at the crack tip.

4.1 Q. OSED-FORM SQUTION FOR THE MODH STRAIN ENERGY RHE EASE
RATE (G).

The applied strain eneygelease rate, (Gfor DCB specimens with two adherends of the same
material is found using equation 1. [39, 40]
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P? dC
=—— 1
' 2b da @)
where P =load C = specimen complian@®)
b = specimen width a = crack or debond length
0 = crosshead or crack mouth opening displacement

Using beam theory and the assumption that the DCB specimen consists of two cantilever beams
with a built-in support on the end opposite the load application point, equation 1 reduces to

3P5
= 2
= ha (2)

Equation 2 may be further modified [41, 42] to account for the relationship between specimen
compliance and observed crack length using

3P
G =5 = (3)
2b(a+|Al)
The valuea is the intercept of the a axis obtained from a linear relationship betw&ean@ a

(figure 14). This term serves as a correction to account for the fact that the uncracked end of the
DCB specimen is not completely fixed.

For the monotonic tests of the adhesives, the fracture toughnesses or critical strain energy release
rates (G) were obtained using the modified beam theory, equation 3, the visually observed crack
length, and the critical load, P, at which crack growth began. This load corresponded to the load
at which the load versus displacement data deviated from linearity.

Equation 3 was also used to determine the applied strain energy release rates for fatigue tests.

y
(Compliance) A4

C1/3

Experimental Data

—
>

L‘_’7A Crack Length, a

FIGURE 14. DETERMINATION OF THE END CORRECTION TERM,
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4.2 HNITE H EMENT ANALYSIS.

Finite element angbes were performed on the AI/BVBM/AI, Ti/FM®x5/Ti and, most
importanty, on the A/FMP73M/B-Ep specimens. Due to the dissimilar adherends in the
Al/FM®73M/B-Ep specimens, tlge exhibited pronounced curvature following curing (as
described previoug). Thermal residual stresses, the root cause of the curvature, resulted in a
thermally induced Moddl strain energ release rate (3 at the crack tip with no applied load.
Thus, the Gand G levels could not be determinegperimentaly, and a finite element model

was used to determine the amount of modgitgnipresent at the crack tip during specimen
loading.

4.2.1 Programs.

Two software programs were used in this research: the commeallable ABAQUS and
GAMNAS (Geometric and Material Nonlinear Agsis for Structures) developed at NASA-
Langle. [43, 44] ABAQUS, which was used for the majprif the finite element studies is a
versatile commercial code with extensive gtiedl capabilities includig thermal residual stress
calculations. GAMNAS, developed specifigalfor bonded joints, cannot agyaé thermal
residual stressedt was used to vegfABAQUS anayses of specimens with identical adherends
which did not contain thermal residual stresses. Both programs can conduct material and
geometric nonlinear anaes. On} geometric nonlinearities, do to the significant nodal rotations
at the crack tip caused bhe curvature of the Al/FRZ3M/B-Ep specimens, were accounted for
in this research. Materials were assumed to be Iynedalktic (this will be discussed in the
following section).

4.2.2 Assumptions and Model Details.

In the anajtical effort, all materials were assumed to be lineafastic. This assumption was

made for several reasons. Room temperature shear xsta fer the FM73 and AF-191
adhesives but not for the F5 adhesive.In addition, the limited data available is primgpfibr

room temperature behavior. The lack of stress-strain curves for the selected adhesives forced the
assumption of linear elastigiand prevented the consideration of temperature dependence.

Because of the large width of the specimens compared to the bond line thickness, plane-strain
was also assumed.

Models were developed for each specimen gegmeéihese models were two-dimensional and

could be used \b both the ABAQUS and GAMNAS programs. Four-noded quadrilateral
elements were used. To enhance the performance of these elements under bending conditions, a
reduced integration technique was usedpidally, the adhesive Y&r was modeled using four

rows of elements and the adherends were modeled with ten rows for monolithic metal adherends
or with one row per plin the case of composite adherends.
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4.2.3 Determination of Strain Energy Release Rate.

Strain energy release rates were calculated by the finite element programs using a modified crack
closure technique. [45] This technique determines the nodal forces and displacements required
to close the crack to its original position. Figure 15 shows this technique schematically. The
crack tip within a component subject to an opening force, P, is identified by two nodes, A and B.
These nodes originally share the same location before crack propagation (figure 15b). As the
crack extends under Mode | loading, these two nodes are released and separated by & distance
(figure 15a). The crack closure technique computes this separation distance and the nodal force,
pn, required to return nodes A and B to their original position. A very stiff spring element
located between nodes C and D is used to calculate this fgrc&€hp nodal force multiplied by

the nodal displacement is the work or energy required to close the crack tip. This quantity is
equivalent to the strain energy released as the crack tip propagates from nodes AB to nodes CD.
The strain energyypn, divided by the amount of new crack area which is formed as the crack
propagates, /&, is the Mode | strain energy release rate ,or&milar steps are used to separate
nodes A and B in the x direction under to Mode Il loading to calculgte @ue to bond line
rotation, forces and displacements are transformed to a coordinate system with axes that are
parallel and perpendicular to the crack.

I’ I’

»

Crack Closes

6y L 4 L 4 L 4 p: 4 4

}_:._.g c_ 4 e WL
D P B | D

4 4 4 < 4 4 4

<

Crack Propagates

1P +Aa > lP +Aa >

() (b)
FIGURE 15. THE MODIFIED CRACK CLOSURE TECHNIQUE (MODEL IS OF UNIT
WIDTH)

Critical strain energy release rate {|Gralues were obtained by applying the experimentally
observed critical load at the onset of crack growth to the finite element model. The finite
element program then computed a displacement and, in turn, a strain energy release rate which,
because the critical load was used, was equatio G
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4.2.4 Verification of Analysis.

Before analyzing the curved Al/FNMI3M/B-Ep specimens, the results of the analyses of
Al/FM®73M/Al and Ti/FM®X5/Ti specimens were verified. These systems were fabricated using
a single material for both adherends and, therefore, the results of the ABAQUS and GAMNAS
programs could be directly compared with those obtained from the closed-form solution method
described in section 4.1.

The analysis was verified and agreement was obtained between the ABAQUS and GAMNAS
programs. The values generated by the finite element analyses were a maximum of 10%
lower than those calculated using the closed-form solution. This small discrepancy may be
attributed to scatter in the observed load and displacement data and the general trend for finite
element models to be less compliant (predicting less displacement for a given load) than the
component which is being modeled. To illustrate the close agreement between the finite element
analysis and test data, figure 16 shows a comparison between ABAQUS results and experimental
load versus displacement runs from a TiflX@/Ti specimen.

1200

a=57.79 mm-=— initial crack (debond) length Adhesive: FM-X5 (0.338 mm)
e at start of crack growth E=5 GPa: v=0.3
Adherend: Titanium (6.604 mm)
1000 + 0a=71.34mm E=110 GPa: v=0.31

& Software: ABAQUS

O Experimental

—FEM
800 +

Load,

P (N) 600 +

400 T a=202.57 mm

o

200 +[%/

0 5 1Io 1I5 2I0 2I5 30
Displacement, & (mm)
FIGURE 16. A COMPARISON OF LOAD VERSUS DISPLACEMENT DATA OBTAINED

EXPERIMENTALLY AND COMPUTED USING THE ABAQUS FINITE
ELEMENT PROGRAM

4.2.5 Analysis of the Curved AlI/FRT3M/B-Ep Specimens.

ABAQUS was used to analyze the Al/EWBM/B-Ep specimens, including the thermal residual
stresses which were introduced during the curing process. The adherends were first modeled as
straight elements (i.e., in their precured state). The temperature was then decreased
approximately 53°C (95°F). This forced the mesh to conform to the curvature observed in the
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specimens. Asxplained in section 4.2.2, room temperature material properties were used for
the model due to a lack of information on their temperature dependence. The room temperature
properties caused the “effective” change in temperature required for the mé8eC((95°F)) to

be less than the actual change in temperatgrereenced ¥ the specimens during cool down

(= 95°C (170°F)). This temperature difference is suspected to be causelixation which

occurs during cool down and results in a lower effective cure temperature. Thus, it is recognized
that use of temperature invariant properties for the adhesive is a simplification. The crack was
placed at the interface between the adhesive and the boroy-&gieerend. The choice of this

crack location was based on the observation that fracture in the MBNIB-Ep ystem
appeared to occur in the matrix of the compositg mear to the adhesive/composite interface.

5. RESUTS AND DISCUSSON.

5.1 ENMRONMENTALLY INDUCED PHYSCAL CHANGES.

Moisture absorption or desorption wasperienced ¥ all specimens subjected to long-term
isothermal gposure. These changes are shown grapwiaalifigure 17. Because elevated
temperatures and low humigiteduced the amount of ambient moisture in the bond line,
specimens xposed to hot environments lost weight duringp@sure. In contrast, elevated
temperatures and high humidiorced the bond line to absorb water thgrelusing specimens
exposed to hot/wet environments to gain weight due to moisturizatilfFM ®73M/B-Ep
specimens xposed to the hot/wet environmentperienced greater weight gains than the
Al/FM®73M/Al specimens because of the greater amount of moisture absartied boron-
epay adherends. Bond line saturation for the AIfM@M/AlI and A/FM®73M/B-Ep was
estimated to occur in apptionately 200 hours based upon a leveling off of the weight change
curve for the AI/FM73M/Al specimens.

Visual observations of the specimens during long-tetpogure or thermalycling revealed few
noticeable changes. Corrosion products formed on the aluminum surfaces of th& 7ZIXEWI
and Al/FM®73M/B-Ep specimensxposed to the hot/wet environment. Theeased edges of
the AF-191 adhesive bond line in the F-22 specimens changed color fromyalloaieto a dark
brown during appnamately 3000 hours of xposure to 104°C (220°F). Neither thepesed
HSCT Ti/FM®x5/Ti specimens nor gnof the thermayt cycled specimens exhibited any
observable changes in appearance.
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FIGURE 17. WEGHT CHANGES OF SPEBENS SUBJECTED TOLONG-TERM
ISOTHERMAL EXPOSURE

5.2 AI/EM®73M/AL.

The AI/FM®73M/Al specimens were fabricated from materials used on the C-141 transport
aircraft and also in the USAF’'s PABST syufd] One group of specimens was tested in the as-
received state with no pretest environmensgdosure. A second group was subjected to 5,000
hours of hot/wet isothermakposure at 71°C (160°F) and#8%6 rh prior to mechanical testing.

A third group was subjected to 320 hours of hot/wet isotherg@dseire at 71°C (160°F) and
94+3% rh, followed ly 100 thermal ycles between -54°C (-65°F) and 71°C (160°F) prior to
mechanical testing.

5.2.1 Fracture Toughness.

Monotonic Model testing of the AI/FM73M/Al system revealed a strong dependence of the
fracture toughness (¢ on environmental »@osure. The as-received toughness was
apprximately 2800J/m? (16 in-Ib/irf). This value is in greement with G values obtained for
FM®73M by Ting and Cottiton [46] and Riplim, et al. [47] As shown in figure 18thermal

cycling reduced @ by apprximately 30%, and 5000 hours okgosure to a hot/wet environment
reduced G by apprximately 70% as compared to the fracture toughness of the as-received
material. Because of the nonoverlapping confidence intervals, these changes are statistically
significant.
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FIGURE 18. MODE | FRACTURE TOUGHNESS OF THE Al/EVBM/Al BONDED
SYSTEM

5.2.2 Crack Path and Fracture Surfaces.

Crack progression in these specimens was cohesive. The crack propagated through the middle of
the adhesive layer, relatively distant from either adhesive-adherend interface, leaving an adhesive
layer on both adherends (figure 19). Fracture surfaces showed evidence of some distributed
porosity within the bond line consisting mainly of pores with diameters of 1.5 mm (0.06 in) of
less. During testing, scrim cloth fibers bridged the open crack mouth for approximately 5 mm
(0.20 in) behind the crack tip. The shape of the crack front was slightly curved with the interior
advancing 1-2 mm (0.04-0.08 in) ahead of the edges.

No significant differences were noted among the fracture surfaces of the specimens exposed to
the various environments. Although some discoloration was seen around the edges of interior
voids, the fracture path was always cohesive. This suggests that the surface preparation for the
aluminum was adequate for the environmental conditions examined.

FIGURE 19. FRACTURE SURFACES OF THE Al/EM3M/Al BONDED SYSTEM (AS
RECEIVED)
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5.2.3 Fatigue Crack Growth.

Mode | fatigue testing of the Al/FRF3M/AI specimens showed that the fatigue crack growth
behavior of this system was affected by long-term isothermal exposure to a hot/wet environment
but not (noticeably) by thermal cycling (figure 20). Isothermal exposure shifted the da/dN versus
AG, locus to the left, effectively reducing the threshold level of applied strain energy release rate
(AG, ) by approximately 50%. However, the slope of the data was unaffected by the exposure.
This slope, a measure of the sensitivity of crack growth rate to changes in the applied load or
strain energy release rate, had a value of approximately 4. Comparing this value with that for the
slope of crack growth data in aluminum indicates the high degree of sensitivity displayed by
crack growth in the adhesive bond line. [47] As with the monotonic testing of this system, crack
growth was cohesive.
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] o Cycled XX
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a 04 o
A
i A
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h X
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da/dN 1E-04 4 X ‘o%“‘
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E 4oa
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1E-06 + x &£
1E-07 +
JExposure: 5,000 hrs @ 71°C (160°F)/>90% rh
{Cycling : 100 cycles, -54°C (-65°F) to 71°C (160°F)
1 after 320 hrs @ 71°C (160°F)/>90% rh
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FIGURE 20. MODE | FATIGUE CRACK GROWTH BEHAVIOR OF THE Al/FRT3M/Al
BONDED SYSTEM
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5.3 AI/FM®73M/B-Ep.

These specimens were fabricated from materials used for repairs to aircraft such as the C-141
transport. One group of specimens was tested in the as-received state with no pretest
environmental xposure. A second group was subjected to 5,000 hours of hot/wet isothermal
exposure at 71°C (160°F) and 98% rh prior to mechanical testing. A third group was
subjected to 320 hours of hot/wet isothermalasure at 71°C (160°F) and 938% rh followed

by 100 thermal ycles between -54°C (-65°F) and 71°C (160°F) prior to mechanical testing.

5.3.1 Finite Element Angsis of the AI/FM73M/B-Ep S/stem.

Due to the curvature of these specimens, an ABAQUS finite elemensian@s described in
section 4.2) was used to determine the postcure residual stress state in the bond line. The
residual stress state was calculated to contain a compressive normal peel component
(perpendicular to the bond line) of appimately 4 MPa (0.58 ksi) and a shear component
(parallel to the bond line) of apptmately 37 MPa (5.37 ksi). The stress state can be translated
into a residual applied strain engnmglease rate in Modé (G,) of appraimately 90 Jm? (0.51

in-Ib/in®) present in the specimens following cure and prior to testing. The adherends are forced
together due to the compressive residual normal stresses and, therefore, an initial residual G
component is absent.

During testing, the state of the applied strain eneetpase rate changed as load was increased.
Figure 21 shows this trend for a specimen with a given crack length. (Each crack length
encountered during testing required a separate set of curves similar to those shown in figure 21.)
In this figure, the residual Gs evident at zero load. The total strain gpeelease rate is simply

the sum of Gand G. Calculations accounted for the adhesive nature of the crack path (see
section 5.3.3).

ABAQUS anayses were used to determine the relationships betwege@, GGr, and applied

load for a series of crack lgths resultiig in a series of plots similar to that shown igufie 21.

Using this series of plots, G5, and G values were determined for the various combinations of
loads and crack lengths encountered during monotonic fracture toughness and fatigue testing.
Not evey crack length was modeled using ABAQUS. The strain gnezigase rates for crack
lengths which were not modeled were obtained through interpolation.
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FIGURE 21. COMPUTED MODE I, MODE II, AND TOTAL APPLIED STRAIN ENERGY
RELEASE RATES FOR AN Al/FNM73M/B-Ep SPECIMEN AS A FUNCTION

OF LOAD FOR A SINGLE CRACK LENGTH

5.3.2 Fracture Toughness.

The fracture toughness of the Al/EWBM/B-Ep system was significantly less than that of the
Al/IFM®73M/Al system. Note that the fracture toughness of the AVEM/B-Ep system is
expressed in terms of;Go reflect the presence of @&1d G, whereas the fracture toughness of

the AI/FM®73M/AI system is express in terms of @hich is equivalent in the case of similar
adherends to 5 The as-received fracture toughness of the AffF8M/B-Ep system was
approximately 840 J/f(4.8 in-Ib/irf). As with the AI/FM’73M/AI system, the thermally cycled

and isothermally exposed specimens revealed significant losses in fracture toughness. Figure 22
displays these trends and identifies the amount of the fracture toughness attributed to Modes |

and Il
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FIGURE 22. FRACTURE TOUGHNESS OF THE Al/FVIBM/B-Ep BONDED SYSTEM

5.3.3 Crack Path and Fracture Surfaces.

Crack growth in the Al/FNI73M/B-Ep specimens appeared to take place in the matrix of the
composite adherend very near to the adhesive/composite interface. This was determined by
visual and microscopic observations of the fracture surfaces. No differences were noticed among
the specimens exposed to various environments. The nature of the crack path is evident in figure
23 which shows that the black boron-epoxy adherend is nearly devoid of the lighter (yellowish)
FM®73M adhesive. Some fiber bridging occurred and can be seen from the few fibers (dark
lines) which appear on the lower (aluminum) adherend in figure 23. The path of the crack
through the relatively brittle matrix material rather than through the tougher epoxy adhesive
explains the much lower fracture toughness values for the AI’BM/B-Ep systems as
compared to the Al/FF73M/Al system.

FIGURE 23. FRACTURE SURFACES OF THE Al/EM3M/Al BONDED SYSTEM (AS
RECEIVED)
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5.3.4 Fatigue Crack Growth.

As determined yp a best fit through the data, the correlation between da/dM@navas better
than the correlation between da/dNWAG, or AG,. The da/dN data are plotted agaifi€; in
figure 24. The correlation of da/dN witkGy provides a direct comparison between the fatigue
behavior of the AI/FNM73M/B-Ep ystem and the other bondegsems investigated since, for
the latter gstems, fagjue data was plotted with respectNG, which was equivalent thGr.
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FIGURE 24. FATGUE CRACK GROWTH BEHAVOR OF THE Al/FM73M/B-Ep
BONDED SYSTEM

Comparison of the fajile data from the Al/FR73M/Al and Al/FM®73M/B-Ep ystems shows

that the slope of the Al/Ff73M/B-Ep data gstem is greater~(8-12). This suggests an even
greater sensitivt of crack growth rate to applied G values and is consistent with the lower

fracture toughness of the Al/F\3M/B-Ep gstem.

5.4 Gr-BM/AF-191/Gr-BM.

The Gr-BM/AF-191/Gr-BM specimens were fabricated from materials to be used on the F-22
fighter aircraft. One group of specimens was tested in the as-received state with no pretest
environmental ¥posure. A second group was subjected to 5,000 hours of hot isothermal
exposure at 104°C (220°F) an@o0h prior to mechanical testing. A third group was subjected
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to 320 hours of hot/wet isothermal exposure at 71°C (160°F) and 94+3% rh followed by 100
thermal cycles between -54°C (-65°F) and 104°C (220°F) prior to mechanical testing.

5.4.1 Fracture Toughness.

The Mode | fracture toughnesses of the Gr-BMI/AF-191/Gr-BMI specimens subjected to various
environments are shown in figure 25Although the mean values for the as-received and
thermally cycled conditions differ slightly, no significant distinction can be made between the
two conditions because of overlapping confidence intervals. However, the degradation caused by
long-term exposure to 104°C (220°F) does appear to be significant. The lay-up of the adherends
did not appear to affect the calculated Mode | fracture toughness of this bonded system.
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FIGURE 25. MODE | FRACTURE TOUGHNESS OF THE Gr-BMI/AF-191/Gr-BMI
BONDED SYSTEMS

5.4.2 Crack Path and Fracture Surfaces.

The crack path for the Gr-BMI/AF-191/Gr-BMI was, in general, cohesive. However, because the
scrim cloth within the AF-191 was located closer to one face of the adhesive film, the crack path
was offset towards one adherend and followed the plane of the scrim cloth. The crack front was
nearly straight across the adherends with little evidence of tunneling in which the interior portion
of the crack grows more rapidly than that located near the edge. In specimens containing quasi-
isotropic adherends, the crack often departed from the adhesive layer and caused interlaminar
cracking within thex45° plies. These plies were located at the bond line, and their cracking
indicates the importance of placing afy at the adhesive-adherend interface to prevent cracks
from growing into composite adherends (figure 26). No significant differences were noted
between the specimens which were tested in the as-received state and those tested following
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environmental exposure. However, some slight darkening of the AF-191 adhesive was observed
on the exposed edges of the specimens which were subjected to long-term isothermal exposure.

FIGURE 26. FRACTURE SURFACES OF THE Gr-BMI/AF-191/Gr-BMI BONDED
SYSTEMS (AS RECEIVED), UPPER PHOTO: UNIDIRECTIONAL
ADHEREND, LOWER PHOTO: QUASI-ISOTROPIC ADHEREND

5.4.3 Fatigue Crack Growth.

Limited fatigue data from the Gr-BMI/AF-191/Gr-BMI system suggest a trend exhibited by the
AlIFM®73M/Al and AI/FM®73M/B-Ep systems: no discernible difference in crack growth
behavior between the as-received and thermally cycled specimens (figure 27). In addition, the
effect of isothermal exposure to a high temperature also appears to be negligible. Threshold
crack growth appears to begin at an appli€ level of approximately 100 Jmn0.57 in-Ib/ir).

The slope of the crack growth data is approximately 6, again indicating a relatively high degree
of sensitivity to small changes in the applied load or strain energy release rate. Cracking was
cohesive and exhibited the same characteristics as described for the monotonic tests.

As of the writing of this report, no exposed specimens or quasi-isotropic specimens have been
tested in fatigue.
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FIGURE 27. MODH FATIGUE CRACK GROWTH BEHAVYOR OF THE
UNIDIRECTIONAL Gr-BMI/AF-191/Gr-BM BONDED SYSTEM

5.5 Ti/EM®X5/Ti.

The Ti/FM®x5/Ti specimens were fabricated from materials to be used on the future HSCT
aerospace vehicle. One group of specimens was tested in the as-received state with no pretest
environmental ¥posure. A second group was subjected to 5,000 hours of hot isothermal
exposure at 177°C (350°F) and 0% rh prior to mechanical testing. A third group was subjected
to 5,000 hours of hot/wet isothermabpesure at 71°C (160°F) and#B%b rh prior to mechanical

testing. A fourth group was subjected to 500 thermgeles between -54°C (-65°F) and 163°C
(325°F) prior to mechanical testing.

5.5.1 Fracture Toughness.

Figure 28 shows the results of the monotonic fracture toughness tests on th&xBilRM
system. Differences in the mean values among the specimpasesl to various conditions do
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not suggest significant differences in thg @lues because of overlapping confidence intervals.
Therefore, it appears that the Ti/EXb6/Ti system is relatively insensitive to environmental
exposure and displays a fracture toughness of 2000-2500 (15-14.3 in-Ib/if). This

is in agreement with values obtained by Parvatareddy, et al. [48] (~2000-2460 J/m
[~11.4-13.7 in-Ib/ify).

4000
Exposure: hot - 5,000 hrs @ 177°C (350°F)
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FIGURE 28. FRACTURE TOUGHNESS OF THE Ti/Eb/Ti BONDED SYSTEM

5.5.2 Crack Path and Fracture Surfaces.

Crack growth was generally cohesive in this system. The crack propagated mainly along the
plane of the scrim cloth (figure 29). However, the fracture surfaces of the specimen subjected to
long-term isothermal exposure at 177°C (350°F) exhibited a greater degree of cracking in resin-
rich regions between the scrim cloth and adherends suggesting a possible change in the properties
of the polyimide material. The shape of the crack front was indistinct on the fracture surfaces
perhaps due to the presence of the relatively bulky scrim cloth.

FIGURE 29. FRACTURE SURFACES OF THE Ti/E6/Ti BONDED SYSTEM (AS
RECEIVED)



5.5.3 Fatigue Crack Growth.

Fatigue crackgrowth in the Ti/FMx5/Ti system exhibited ghificant scatter aman the

specimens subjected to various environmentgdosures (figure 30).

Given the apparent

insensitiviy of G to environmental xposure, such a trend is to bepected. Threshold crack
growth occurred at applied strain energlease rate ranges near I08 (0.57 in-Ib/irf), and the
slope of the data was apgnmately 3 to 4.
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FIGURE 30. MODH FATIGUE CRACK GROWTH BEHAVOR OF THE Ti/FMX5/Ti
BONDED SYSTEM

6. CASE STUDY.

To evaluate thexperimental results and finite element techniques described previauslis
report, results from an independent stodl the fatigue behavior of a boron-egygatch bonded

to a cracked aluminum sheet weramined. The independent syugas conductedybTextron
Specialy Materials,Inc., maker of the boron-epp prepreg used for bonded repair applications,

and the Boeing Co. [49, 50] Fatigue testing revealed that no patch debonding occurred after

300,000 gcles at stress levels up to 138 MPa (20 ksi). These levels areydhigfhier than those

typically experienced ¥ fuselage structures on B737 and B747 commercial aircraft.
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Textron/Boeing specimens were amdd using the ABAQUS finite element program to
determine the level of strain eggmrelease rate applied dugithe fatgue testiig. The results of

the finite element angdis were then compared to theperimental data described previgusl
The intent of this angsis and comparison was to determine whether the results of the
Textron/Boeing stug were to be xpected given the angical and eperimental results
discussed earlier in this report.

6.1 THE TEXTRON/BOENG PRQECT.

Fatigue test specimens were fabricated from 7075-T6 aluminum, F4/5521 borgrpegoreg,

and FMP73M adhesive. [15] Aluminum panels contained a 13-mm (0.5-in) -long saw cut
simulating a crack to be patcheg & sk-ply, unidirectional boron-epgy doubler. The doubler

and adhesive were cocured onto the aluminum sheet. Because of the difference in coefficients of
thermal e&pansion between the aluminum and boronxgpspecimens contained a residual
curvature prior to testing. The cross-sectional stiffness ratio between the doubler and the
aluminum was 1.4:1. A 25:1\ypldrop-off ratio (taper) was used at the edges of the doubler.
Several boron-epty doubler geometries were investigated. Figurest3iws a schematic of a
typical fatgue test specimen.

Aluminum 41—

Boron-Epoxy -

Region Used
: for Finite
Element Model

FIGURE 31. THE TEXTRON/BOENG FATIGUE TEST SPEGVEN

Fatigue tests were conducted at constant amplitude at 5 Hz, R=0.15, and stress levels of 21 to
138 MPa (3 to 20 ksi). Run out was set at 300,8@(s. The lower stress level was chosen to
eliminate the curvature of the specimens causethd difference in the coefficients of thermal
expansion. The upper stress limit corresponded to the sum of tkenuma stress level
experienced  commercial aircraft fuselage skins 117 MPa (17 ksi)) and the 21 MPa (3 ksi)
offset required to eliminate specimen curvatuf@sting was conducted using grips which were
rigidly mounted to the test frame (i.exdd grips).
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6.2 ANITE ELEMENT MODEL.

The Tetron/Boeing test specimen was simplified and yared as a two-dimensional, plane-
strain model using the ABAQUS software. Since the patch wasnstric about the vertical

axis, only half of the patch was modeled. A sketch of the model is shown below (figur@ts).

model contains 3827 nodes and 3560 incompatible modes, 4-node quadrilateral elements
designed specificallto accommodate bending. The aluminum and the adhesive were modeled
using eight and four Yeers of elements, respectiyel Each boron-epy ply was modeledya

single lgyer of elements. Room temperature material properties were used and were assumed to
be in the lineayl elastic rgime and temperature invariant (table 4).

«—3.81-p 1-mm Bond Line
0_7627 Boro DO Crack
y
7075-T6 Aluminum / 116

FM®73M Adhesive

98

\4

A A

145

A4

- All measurements in mm
- Boron-epoxy ply thickness: 0.127 mm
- Adhesive thickness: 0.127 mm

FIGURE 32. MODE OF THE TEXTRON/BOENG FATIGUE TEST SPEGVEN

TABLE 4. MATERAL PROPERTES USED FOR THE MODE OF THE
TEXTRON/BOBENG SPEGMEN

Einx = Ess 012 O3 013
Material (GPa)| (GPa)| (GPa)| wvi» | (x 1/°F) | (x 1P/°F) | (x 1¢FI°F)
7075-T6 [ 258 | 708 | 70.8 | 0.33 13 13 13
Aluminum
FM®73M 207 | 207 | 207 | 034 40 40 40
Boron-Epay | 207 | 17.2 | 17.2 | 0.21 25 13.1 13.1

The Tetron/Boeing stud investigated debonds at the tip of the crack in the aluminum panel but

did not address a crack at the edge of the doublerthe present modeling effort at Georgia
Institute of Technolog a 1-mm (0.04-in) crack was introduced at the midplane of the adhesive

at the doubler tip. This flaw size was chosen to simulate a defect which is undetectable using
current non-destructive inspection techniques. The size was also based upon void sizes observed
in AI/FM®73M/Al double cantilever beam specimens. Finatie use of a bond line defect also
provided a location at which to calculate a strain gneglpase rate.
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After decreasing the temperature to model the residual curvature due to residual stress in the test
specimens, [17] the finite element model was loaded in a series of steps simulating test
conditions (figure 33).

I ———
- temperature drop applied

- result: slight specimen curvature
- specimen schematic:

—

“Flexible Grip” Condition “Fixed Grip” Condition
P P cowle
$%_| load —— ] wp S
- mechanical load (stress) applied - couple applied N
- right end not constrained to fit - flght _end constrained to fit into
into gripping system gripping system _
- specimen schematic: - specimen schematic:
A - )
i

P
F;_I load

- mechanical load (stress) applied
- specimen schematic:
8N—>
FIGURE 33. GRIP CONDITIONS USED IN MODELING THE TEXTRON/BOEING
EXPERIMENTS

For the cool down step (step 1), the left end of the specimen was restrained in the horizontal
direction, the left corner was pinned, and the right end was left free. This set of boundary
conditions was based upon specimen symmetry and represents the constraints on the specimens
during fabrication. A 14C (25F) temperature drop permitted the elimination of the induced
specimen curvature with the application of a 21 MPa (3 ksi) stress (as observed during the
Boeing/Textron experiments). [17]

The temperature drop used in the finite element analysis was less than that experienced by the
specimens during the postcure cool down from the cure temperature to the test tem@erature (
~61°C (110F)). Possible reasons for this discrepancy are the assumption of temperature
invariant properties and the fact that the boron-epoxy and the adhesive were .cdaure)

cool down in cocuring, residual stresses in the adhesive layer may not begin to form until the
bonded assembly reaches a temperature considerably below the curing temperature. Thus, the
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difference between the cure temperature and the test temperayube heas than the difference
between the temperature at which residual stresses begin to develop and the test temperature.
The temperature drop emptad by the model reflects this possible phenomenon because it is less
than the difference between the cure temperature and the test temperature. Regardless of the
reason for such a difference in theerimentaly observed and modeled temperature drops, the
finite element model accurayekimulated the curvature of the specimens prior to testing and
satisfied the criteria that the specimen curvature was eliminated with the application of a 21-MPa
(3-ksi) stress during testing.

For fixed-grip conditions, the right end of the specimen could not be curved because any
curvature would prevent it from bgnable to fit into a fixedgrip. Plysically, forces and
moments were applied to the curved Bgélextron specimens to enable them to fit into the
fixed grips used in teston This situation was simulated in the finite element mogledpling

a couple (concentrated moment) to the right end of the specimen following the temperature drop
and prior to the application of the mechanical load. This couple returned the rightmost specimen
edge to a vertical afjinment and forced theght end of the specimen into a capfiation that

could fit into a ypical fixedgrip prior to loadimy.

As shown in figure 33, the boungaronditions used during the application of the couple were
identical to those used in modeling the temperature drop. Upon the application of the mechanical
test load, the boundarconditions were changed to simulate the conditions imposed upon the
specimen 1 the test machine.

The strain enesgrelease rate was calculated using the modified crack closure method described
previousy.

The ana¥sis accounted for the geometric nonlinganittroduced g large rotations due to the
ag/mmetry of the specimen.

6.3 RESUTS AND DISCUSSON.

After simulatirg the temperature drop to induce curvature, a load was applied tgtthend of

the model using an attributed area method to prevent the creation of a bending moment. Mode
Mode II, and total strain eneygelease rates (figure 34) were calculated using the ABAQUS
program.

Figure 34 shows that Modié dominated the response of the specimen under applied stress,
comprisirg the majoriy of the total applied strain emggyrrelease rate (. At zero applied
stress, the thermal residual stresses which caused specimen curvature also ingueeel $£6s

than 1J/m? (5.71 x 10° in-Ib/ir). In general, the induced,Gncreased with increasing applied
stress, and the strain engngelease rate at the minimum fatigue stress of 21 MPa (3 ksi) was
negligible.
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FIGURE 34. STRAIN ENERGY RELEASE RATES PRODUCED BY STRESSES APPLIED
TO THE TEXTRON/BOEING SPECIMEN

During the fatigue tests done by Textron and Boeing, the Mode | strain energy release) rate (G
varied between zero and approximately 8°J4n6 x 107 in-Ib/in’) and the Mode I strain energy
release rate ({3 varied between approximately 2.77 3/¢h.6 x 107 in-Ib/ir®) and approximately

33 J/nf (0.19 in-Ib/if) at the tip of the artificially introduced crack in the bond line. Thus, G
varied between approximately 2.77 and 41°J/Gr = 38 J/nf). Notice that the imposition of a
couple to force the rightmost end of the specimen to conform to the fixed-grip condition resulted
in the application of a small amount of Mode Il strain energy release rate prior to loading. In
addition, upon loading, this small amount of @as initially eliminated but then recovered to
form the major portion of the applied strain energy release rate within the bond line at the crack

tip.

The residual stress state in the bond line near the crack tip contained both shear and normal (peel)
components. The shear component changed from approximately 3.1 MPa (0.44 ksi) with no
applied load to -13.1 MPa (-1.9 ksi) at the maximum applied load of 145 MPa (21 ksi). The
normal or peel component increased from a compressive value of approximately -0.18 MPa
(-0.026 ksi) at no applied load to a tensile value of approximately 6.4 MPa (0.93 ksi) at the
maximum applied load.

In comparing these results to experimental data from tests conducted at Georgia Institute of
Technology on the as-received Al/EWBM/B-Ep system, it is not surprising that the
Textron/Boeing fatigue study produced no debonding in 300,000 cycles. The strain energy
release rates within the bond line were low (for the Textron/Bakg = 38 J/nf) compared

44



with the threshold levels identified/bhe Georgidnstitute of Technologexperiments AGr gt =
100Jm?) which are described in previous sections of this report. Also yofthote is the near
absence of a peel stress or Mdd#rain energ release rate at the tip of the doubler. The ply
drop-off taper appears to have been effective in reducing peel stresses even atirthenma
applied stress.

7. SUMMARY AND CONA.USIONS.

An experimental and angical program was conducted to investigate the effect of environmental
exposure on the durabyitof adhesivet bonded joints. Double cantilever beam specimens were
tested to kamine the Modd fracture and fatigue crack growth behavior of several aerospace
bonded joint gstems. Theseystems included materials from the C-141 transport, F-22 fighter,
and High-Speed Civil Transport aircraft. Finite element yaesl were performed to better
understand the behavior observed in thpeeimental efforts and to relate this research with an
independent stydof bonded repairs.

All adhesives investigated for this program digptarelativey high Model fracture toughness
levels. In comparilg the G; values obtained from the present research to those collected in
earlier work ly Johnson and Mangalgiri [25], it is apparent that™8M, AF-191, and FIix5

are quite tough even, in some instances, following 5,000 hoursxpuisere to a severe
environment. Most notable in thisgard is the FMx5 adhesive whose Modetoughness and
fatigue crackgrowth behavior seem insensitive to pretest environmental exposure.

With respect to the fatigue behavior of these bonded joints, the slopes of the da/dNA@rsus
data are quite steeplf described using a Paris lawpe of equation (da/dN = Q\G]", the

slopes, n, of the bonded joint fatigue data fall between 3 and 12, whereas that for a monolithic
aluminum ally, if analyzed in terms of a strain emggrrelease rate, is approximatél. These
relatively steep slopes indicate that crack growth in bonded joints is much more sensitive to
charges in applied loads or strain egerelease rates than in monolithic metals. Exposure to
various environments or to thermatting did not appear to affect thisghi level of sensitivi.

The threshold strain engrgelease rate values for the bondgstams investigated were similar
and were on the order of 100n? (0.57 in-Ib/if). Long-term &posure to a hot/wet environment
was observed to reduce the leveh;, in FM®73M systems although the threshold levels in the
AF-191 and FMx5 systems were unaffected.

In general, crack growth in the bond line was cohesiveyimpldequate surface preparation of
the adherends. However, cracking in the bond line of the Al@MI/B-Ep ystem occurred in
the matrix of the composite wenear to the adhesive/composite interface. This was protabl

to a combination of thermal residual stresses, the regudpecimens curvature, and a lower
toughness of the composite’s @ganatrix as compared to the eqyaadhesive Iger.

Finite element angses using ABAQUS and GAMNAS were in close agreement with closed-

form solutions used to determine the critical strain gyneelease rates of specimens with
identical adherendsln addition, finite element anales were used to determine the amounts of
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Mode | and Mode Il present at the crack tip in the AIfi8M/B-Ep system. These results
showed a significant amount of shear stress present in the bond line due to a mismatch of thermal
coefficients of expansion between the adherends. This shear stress translated into a relatively
high degree of Mode Il strain energy release rate present at the crack tip.

The trends identified by this research point to the need to address environmental exposure in the
design of bonded joints. Knowledge of such significant changes in toughness and crack growth
rate thresholds should encourage the modification of joint geometry or applied loads to preserve
the integrity of the bond line over the course of the life of a component.

These results are for exposure to specific and somewhat arbitrary environments, and some
concern exists as to their applicability. For example, the long-term exposure to the hot/wet
environment may be considered by some to be too severe. However, the conditions employed in
this study are based on actual service environments and, therefore, the general trend of these
effects should not be discounted.

Though not specifically addressed as part of this research effort, the effect of environmental
exposure on the performance of composite adherends must also not be ignored. Considerable
losses in adherend strength and stiffness due to high temperatures and/or high-humidity levels
may also reduce the durability of bonded composite joints. To accurately understand the
durability of bonded composites, it is necessary to have knowledge of the effect of exposure on
the individual materials and on the entire adherend-adhesive-interphase system as well.

Stress-based analyses of adhesive joints have proven valuable for the design of bonded aircraft
structures using static strength considerations. However, to better comprehend damage tolerance
in the presence of bond line flaws and durability under cyclic loading and environmental
exposure, fracture mechanics offers an additional method. The long-term integrity of adhesive
bonds and the full realization of their structural efficiencies depends on a thorough understanding
of their behavior which fatigue and fracture studies can provide.

This investigation of popular bonded systems has identified the need to address the effect of the
operating environment by providing examples of degraded performance following exposure to
typical service conditions. Both static toughness and threshold strain energy release rates were
significantly effected, pointing to a need to include operating conditions in the design of bonded
joints.

Regardless of the nature of the adherends, the trends of degraded durability of bonded joints
presented in this study should encourage designers and engineers to carefully consider
environmental factors in determining the intended lifetimes of bonded structures. In addition, the
observed fatigue behavior indicates that the crack growth rate for these joints is extremely
sensitive to changes in the applied strain energy release rate. Therefore, in the design and use of
bonded joints, continued operation below identified threshold conditions, a safe-life approach, is
most conservative.
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